In this study, the novel ternary green polymer composites of poly(l-lactic acid) (PLLA)/poly(ethylene adipate)/hexagonal boron nitride (PLLA/PEA/h-BN) were synthesized and prepared. The crystallization rate of the biodegradable polymer PLLA in the composite was significantly increased with the addition of PEA and functional h-BN. In ternary PLLA/PEA/h-BN composites, PEA can be used as a plasticizer, while h-BN is a functional nucleation agent for PLLA. The analysis of the isothermal crystallization kinetics by the Avrami equation shows that the rate constant k of the ternary PLLA/PEA/h-BN composite represents the highest value, indicating the highest crystallization in the ternary composite. Adding h-BN in the composite can further increase the k value and increase the crystallization rate. Polarized optical microscopy (POM) images reveal that h-BN is an effective nucleation agent that increases the nucleation density of composites. Analysis of wide-angle X-ray diffraction (WAXD) further confirmed that the crystalline structures of PLLA were unchanged by the addition of PEA and h-BN. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images show that the h-BN particles are uniformly distributed in the composite. The distribution of h-BN having a particle size of a few hundred nm causes an effective nucleation effect and promotes the crystallization of the ternary composites.
Introduction
Aliphatic polyesters represent an important family of green and biodegradable polymers. Poly(l-lactic acid) (PLLA) is one of the most promising materials of this family, due to its biocompatibility, biodegradability and renewability [1] [2] [3] . PLLA is a thermoplastic polymer with many excellent properties, such as having high strength, high modulus, low toxicity and transparency. The wide range of applications for PLLA includes biomedicine [4] , packaging and textile industry [5] and agriculture [6] . However, the low crystallization rate and inherent brittleness of PLLA limits its application [7, 8] .
Generally, the crystallization process of a polymer is closely related to its physical properties. In order to increase the crystallization rate of the polymer, it is very useful to add a plasticizer or a nucleation agent. The plasticizer may increase the mobility of polymer chains to accelerate the crystallization rate of the polymer [9, 10] . Conversely, the nucleating agent can add more nucleation sites, which can promote the nucleation and crystallization rate of the polymer [11] [12] [13] .
Poly(ethylene glycol adipate) (PEA) is an aliphatic polyester and can be biodegraded in the natural environment due to its biodegradability. Okamoto et al. [14] have reported that PEA is a plasticizer for PLLA. The miscibility of PLLA/PEA blend was confirmed by the single glass transition temperature, and the ductility of PLLA was improved by the addition of PEA [14] . Adding the general nucleation agents such as silica [15] , montmorillonite [16] , magnesium oxide whisker [17] and Processes 2020, 8, 31 2 of 6 cellulose nanocrystal [18] can promote the crystallization behaviors of PLLA and its related composites. For example, cellulose nanocrystal can be used as a nucleation agent to promote the crystallization behavior of PLLA plasticized by a biodegradable polymer [18] . However, the application of functional nucleation agents to accelerate the crystallization rate of PLLA related composites is also an important issue. Unlike general nucleation agents, hexagonal boron nitride (h-BN) exhibits specific structural features similar to those of graphite and graphene. Moreover, h-BN is a functional material with high thermal and chemical stability and excellent thermal conductivity [19] . In terms of being used as a nucleation agent for biodegradable polymers, Puente et al. [20] have found that the addition of h-BN to poly(3-hydroxybutyrate) (PHB) can introduce an effective nucleation effect, thereby increasing the crystallization rate of PHB. Sijla Rosely et al. [21, 22] have also discussed the influence of BN on the properties of PLLA.
Crystallization of PLLA is critical in the processing of PLLA and can be closely related to the physical properties of PLLA. In this work, the study of the ternary PLLA/PEA/h-BN green polymer composite was presented. PEA may plasticize the polymer chain of PLLA. In addition, functional h-BN may create more nucleating sites to further promote the crystallization rate of PLLA. The crystallization kinetics, morphologies and crystalline structures of PLLA/PEA/h-BN composites were discovered in this study. The synthesized PLLA/PEA/h-BN composites could be the potential candidates for the applications of biodegradable plastics, packaging materials and the filaments of 3D-printing. The effective nucleation effect of h-BN in the ternary composite is highlighted.
Materials and Methods

Materials and Preparation
PLLA (M w = 260,000 g/mol), PEA (M w = 10,000 g/mol) and h-BN (average particle size 150 nm) were purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA). The PLLA/PEA blend and the PLLA/ PEA/h-BN composites were prepared by solution casting using chloroform as a solvent at a concentration of about 3 wt%. To improve the dispersion of h-BN in solution, sonification treatment (30 min) was adopted prior to the final casting process. Film casting was carried out by evaporating the solvent at 45 • C and then vacuum drying for at least 4 days at 60 • C. The reminders for the sample preparation are provided in the Supplementary Materials.
Studies of Thermal and Crystallization Behaviors
The crystallization behaviors of the composites were investigated using Perkin-Elmer differential scanning calorimetry (DSC) (Perkin-Elmer DSC-8500, Perkin Elmer, Waltham, MA, USA). For isothermal crystallization, the samples were heated to 200 • C for 5 min to eliminate any thermal history and then quenched to 110 • C to record the isothermal crystallization process.
Morphological Observations and Characterizations
The spherulite morphologies were observed using an Olympus polarizing optical microscope (POM) (Olympus CX41, Olympus, Tokyo, Japan) equipped with a Linkam THMS-600 hot stage. The specimens were isothermally crystallized at 110 • C before observation. The dispersion and morphology of h-BN in composites were identified by scanning electron microscopy (SEM, Hitachi S3000, Hitachi, Tokyo, Japan) and transmission electron microscopy (TEM, JEM-1400, JEOL, Peabody, MA, USA). All SEM samples were coated with gold to increase conductivity. TEM samples were fabricated by casting PLLA/PEA/h-BN solutions onto a copper grid.
Discussions on Crystalline Structures
The crystalline structures of the composites were analyzed by wide-angle X-ray diffraction (WAXD) (Bruker D2 PHASER, Bruker, Billerica, MA, USA) with copper kα radiation (30 kV and 10 mA). All samples were isothermally crystallized at 110 • C and scanned at a step speed of 5 • /min in the 2θ range of 5 • to 50 • .
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Results
We preliminarily confirmed the miscibility of the PLLA/PEA = 99/1 blend. The relevant results are demonstrated in Figure S1 in the Supplementary Materials. For the PLLA/PEA = 99/1 blend, only one T g (55.8 • C) is shown, indicating the miscibility of the blend. Moreover, the T g of the PLLA/PEA = 99/1 blend is lower than that of the neat PLLA (60.3 • C). This result suggests the plasticizer effect of PEA is present in the blend and the chains of PLLA are plasticized by PEA.
The isothermal crystallization results from the neat PLLA to ternary PLLA/PEA/h-BN composites are presented in Figure 1a mA). All samples were isothermally crystallized at 110 °C and scanned at a step speed of 5°/min in the 2θ range of 5° to 50°.
We preliminarily confirmed the miscibility of the PLLA/PEA = 99/1 blend. The relevant results are demonstrated in Figure S1 in the Supplementary Materials. For the PLLA/PEA = 99/1 blend, only one Tg (55.8 °C) is shown, indicating the miscibility of the blend. Moreover, the Tg of the PLLA/PEA = 99/1 blend is lower than that of the neat PLLA (60.3 °C). This result suggests the plasticizer effect of PEA is present in the blend and the chains of PLLA are plasticized by PEA.
The isothermal crystallization results from the neat PLLA to ternary PLLA/PEA/h-BN composites are presented in Figure 1a Figure 2a presents the POM images of neat PLLA and PLLA/PEA/h-BN composites crystallized at 110 • C. It is apparent that the amount and size of spherulites increase and decrease, respectively, with the addition of h-BN. By adding h-BN, the ternary composites have a higher nuclei density than neat PLLA. The h-BN in the composite provides sufficient sites for the crystallization of PLLA to drive and promote the crystallization. Figure 2b Figure 2a presents the POM images of neat PLLA and PLLA/PEA/h-BN composites crystallized at 110 °C. It is apparent that the amount and size of spherulites increase and decrease, respectively, with the addition of h-BN. By adding h-BN, the ternary composites have a higher nuclei density than neat PLLA. The h-BN in the composite provides sufficient sites for the crystallization of PLLA to drive and promote the crystallization. Figure 2b 
Conclusions
The novel green polymer composites of PLLA/PEA/h-BN were synthesized and investigated in this study. Adding PEA can increase the crystallization rate of PLLA. Moreover, the incorporation of h-BN to form the ternary composite can further promote the crystallization rate. The results of kinetic analyses indicate that the ternary PLLA/PEA/h-BN composite reveals the highest crystallization rate. The POM images show that by adding h-BN, the ternary composites have a higher nucleation density than neat PLLA. The WAXD results confirmed that the crystal structures of PLLA did not change with the incorporation of PEA and h-BN. SEM and high resolution TEM demonstrate that h-BN particles are uniformly distributed in the composite at a particle size of a few hundred nm, which leads to an effective nucleation effect on the crystallization of PLLA. 
